Local melting and cracking are investigated during friction stir spot welding of binary Mg-Al alloys containing from 3% to 23% Al by using a combination of stir zone temperature, rotational torque and detailed metallographic. The stir zone temperatures during Mg-15%Al and Mg-23%Al alloys friction stir spot welding correspond with the (α-Mg + Mg 17 Al 12 ) eutectic temperature in the binary Mg-Al equilibrium phase diagram. The stir zone microstructures of friction stir spot welds in Mg-15%Al and Mg-23%Al alloys comprise fine equiaxed α phases and Mg 17 Al 12 . Narrow stir zones and lower rotational torques are observed when Mg-15%Al and Mg-23%Al alloys are spot welded since energy generation is diminished by tool slippage due to existing eutectic liquid at contact interface. These results support that local melting of the (α-Mg + Mg 17 Al 12 ) eutectic microstructure occurred at the contact interface between the tool surface and material when the stir zone temperature attained to the eutectic temperature in the binary Mg-Al equilibrium phase diagram.
Introduction
It is generally assumed that friction stir welding is a solid-state process which the temperature in the stir zone and TMAZ region is less than the solidus temperature of the alloy being fabricated.
As a result, defect formation issues commonly associated with fusion welding are avoided. However, the validity of this solid-state assumption has been brought into question in recent research examining Mg-alloy and Al-alloy friction stir welding [1, 2] and friction stir spot welding [3] [4] [5] [6] [7] [8] Bendzsak and North [3, 4] suggested that the temperature in the stir zone attained to solidus temperature and local melting occurred at the contact interface during friction stir spot welding.
They also proposed that tool slippage occurred at immediately adjacent to the periphery of the rotating tool when the local melting occurred and material viscosity remarkably decreased.
Yamamoto et al [5, 6] recently found the evidence of cracking in the TMAZ regions of AZ91, AM60 and AZ31 friction stir spot welds and liquid penetration induced (LPI) cracking in the stir zone close to its extremity in AZ91 friction stir spot welds. They proposed that the cracking during Mg alloys friction stir spot welding occurred by (α-Mg + Mg 17 Al 12 ) eutectic local melting.
There are strong experimental supports, which the temperature in the stir zone is well corresponded with eutectic temperature indicated in Mg-Al equilibrium phase diagram [5, 6] and Mg 17 Al 12 film outlining cracking at the location close to the extremity of the stir zone [5] [6] [7] [8] . However, direct evidences are not still found, which prove that local melting and cracking induced by liquation during friction stir spot welding.
In this paper, local melting and cracking during friction stir spot welding are investigated in detail by using Mg-Al alloys containing different Al contents. Local melting occurred when Mg-Al alloys are heated up to each solidus temperatures by friction stir spot welding. Especially, much mount of eutectic liquid is formed when the binary alloys which have eutectic chemical composition are heated up to the eutectic temperature. In this case, heat generation is markedly diminished by tool slippage due to the eutectic melting formation at contact interface. With this in mind, a combination of the stir zone temperature, rotational torque and detailed metallographic are examined in present paper.
Experimental procedure
All friction stir spot welding test trials were carried out using 5mm thick x 36mm diameter sections of the Mg-Al alloys containing 3%Al, 9%Al, 15%Al and 23%Al in mass %, (call them Mg-3%Al, Mg-9%Al, Mg-15%Al and Mg-23%Al alloy respectively). Chemical compositions of binary materials used in this study are shown in Table 1 . Figure 1 
Displacement control Force control
Rotational speed (rpm) 3000 3000
Plunging rate (mm/s) 2.5 -
Dwell ( The tool used in the present study had a shoulder diameter of 10mm, a pin diameter of 4mm, a pin length of 2.2mm and a simple M4 threaded geometry. Welding parameters used in this study are shown in Table 2 . Liquid formation and cracking is generally considered to be caused by high rotation speed as 3000rpm, however Gerlich et al proposed that cracking is also happened during AZ91 friction stir spot welding when low rotation speed is applied [9] . 
much smaller than friction stir spot welding on Mg-3%Al alloy despite of same welding condition. Figure 9 shows the evidence of liquation cracking during Mg-9%Al alloy friction stir spot welding. These cracks occurred at the location beneath the tool shoulder in the stir zone (see Fig.9 (a)). Mg 17 Al 12 phases are found along crack (see Fig.9 (b) ).
Liquation cracking during Mg-Al alloys friction stir spot welding
Furthermore, the crack surface has the morphology as dendritic structure, which typically indicates that cracking caused by liquid formation during friction stir spot welding (see Fig.9(c) ).
As mentioned earlier in Fig.2 , although all base materials are heat-treated at 420℃ for 24h, a slight amount of undissolved eutectic Mg 17 Al 12 are still found in the base material of Mg-9%Al
alloy. These small particles should be local melted by (α-Mg + Mg 17 Al 12 ) eutectic reaction when the temperature in the stir zone reaches eutectic temperature. The temperature in the stir zone during dwell period is corresponded with solidus temperature of Mg-9%Al alloy and is higher than the eutectic temperature during Mg-9%Al alloy friction stir spot welding (See Fig.3 and Fig.4 ).
Furthermore, it has been reported that the dissolution rate of melting eutectic film is so slow during AZ91 friction spot welding when the temperatures in the stir zone temperature are 437℃ and 460℃ [5, 6] . Thus this eutectic liquid film possibly remains during entire dwell period, and it causes liquation cracking when rotational torque and the displacement associated with tool withdrawal are applied.
Conclusions
Local melting and cracking has been investigated in detail during friction stir spot welding of Mg-Al alloys containing 3%, 9%, 15% and 23% aluminum contents. Main conclusions are as follows. 
